PURPOSE OF THIS PAPER
This paper reviews research that has estimated the economic value of the hurricane forecast and warning system 1 and the value of improving forecast quality. We intend this review to inform the process of identifying priorities for ongoing and future social science research (including economic research) on the hurricane forecast and warning system. Our review also considers how economic value considerations can help guide future improvements in forecasts. We also describe different models used by economists for discussing and exploring the value of information.
INTRODUCTION
Information about the weather has economic value only in terms of how it affects or potentially affects human behavior. One challenge in assessing the economic value of hurricane forecasts is that it is inherently a multidisciplinary endeavor, drawing not only from meteorology and statistics but from the entire spectrum of social sciences. Social systems are highly complicated, and as Mileti (1999) warns, engineering or scientific approaches to natural hazards can sometimes exacerbate their impact. Assessing the economic value of improved forecasts thus requires that we examine (1) the value of improved meteorological forecasting, (2) the value improvements in the communication and understanding of forecasts, and (3) the value of responses to hurricane forecasts and warnings.
And how does economics fit in? Developing and issuing hurricane forecasts is hardly free, and attaching a monetary value to these publicly available goods helps public officials determine if investing in forecast improvements is worthwhile. The discipline of economics contributes an ability to quantify changes in social welfare resulting from changes in the condition or availability of resources. Improving our knowledge of economic values informs policy making by identifying or at least approximating what may be the best choice between alternative investment options. Economists use market and nonmarket information to assess options and 1 In a memo titled "The Forecast & Warning Process," dated November 19, 2004, H.E. Willoughby (IHRC/FIU) writes: "A narrow definition of hurricane forecast and warning process might be: 'The writing and dissemination of advisory products by the NWS and interpretation and responses by users, from the time the forecast track first threatens U.S. mainland or territories through (XX hours after?) landfall.' This definition is, in fact, too restrictive. Factors such as operational planning prior to each season, demographics, evacuation clearance times, damage to economic assets, lost business opportunities, and expected performances of structures or infrastructure necessarily shape the advisories as much as the meteorology. Pre-storm and preseason education and outreach are essential to the process because they shape the response. What is not part of the process are largely passive measures that might limit damage (including loss of life?) or shape the recovery independently of the content of NWS products or user's response to them. Examples might include aspects of CoE [Corps of Engineers] waterworks, building codes, post-storm recovery, and windstorm or flood insurance. The key distinction here is whether or not a particular aspect influences what happens during the first-threat-to-landfall interval." Most hurricane forecast information predicts events over several days (e.g., 3-or 5-day forecasts), but some do predict on seasonal (Gray, Klotzbach, and Thorson 2004) or even decadal time scales (Pielke and Landsea 1998) . In general, we focus on shorter-term (e.g., less than 2-week) hurricane forecasts.
suggest priorities for decision makers. Economics can also help identify indirect, counterintuitive consequences of hurricane forecasts, such as the increased vulnerability that might arise from an incorrect forecast.
The value of hurricane forecasts has become an important public policy concern. The public sector often provides or subsidizes meteorological data, forecasts, and technical assistance. Estimating forecast value can help show if improved forecast provision and dissemination would offer more benefit to society than alternative public investments such as infrastructure or forecasts of other hazards. Assessing the value of improved forecasts can help inform decisions about how we can best prepare for hurricanes.
LITERATURE REVIEW AND APPROACHES TO VALUING WEATHER FORECASTS
Economists have studied many aspects of hurricanes, including the impact of and recovery from hurricanes on regional economies (see Guimaraes, Hefner, and Woodward 1993; West and Lenze 1994; Ewing and Kruse 2002; Carbone, Hallstrom and Smith, in press; Hallstrom and Smith, in press; Smith et al., submitted) , the determinants of property damage (Fronstin and Holtman 1994) , and the costs of evacuation (Whitehead 2003) . Although these studies help us understand the impact of hurricanes on society, they are not necessarily relevant to our task here, which is the valuation of hurricane forecasts. As background, we begin by addressing three basic economic issues: (1) how forecast value differs from the value of impact mitigation; (2) why public provision of hurricane forecasts as public goods makes sense; and (3) how forecast value is estimated.
Hurricane Impact Mitigation versus Forecast Value
Society takes a variety of protective actions to reduce the impact of natural hazards, and these actions can be very broadly considered mitigation. Economists and other social scientists have examined the value of mitigation, decisions by individuals and governments to mitigate (or not), and the role of insurance and disaster relief in encouraging or discouraging mitigation. Although all self-protective measures could be considered mitigation, a useful distinction can be made between actions that must be taken before a specific hurricane threat and actions that can be undertaken quickly as a hurricane approaches a coast. Generally the term mitigation is reserved for irreversible actions that must be taken well in advance of a hurricane threat; as Mileti (1999, p. 23 ) puts it, "These [mitigation] measures generally are in place before a disaster occurs." Thus mitigation for hurricanes typically involves measures like strengthened building construction, land use planning to restrict development on vulnerable coasts, and the siting of critical facilities and infrastructure. Climatological data on the probability and intensity of landfalling hurricanes along different coastlines would be needed to inform mitigation decisions. Consequently mitigation is not an action based on the issuance of a hurricane warning, which in turn means that the value of mitigation is not a part of the (shorter-term) value of a hurricane forecast. 2 Hurricane information used to make long-term decisions such as infrastructure and zoning and planning controls is based more on historical data on the occurrence of hurricanes and on vulnerability assessments than on hurricane forecasts as we consider them here. Longer-term considerations, though, should be considered in This review focuses on the value of hurricane forecasts, which we assume here to be (somewhat) distinct from mitigation as a way to reduce the cost of hurricanes to society. This is a useful fiction for our purposes, but in reality evacuation responses affect the costs and benefits of mitigation and vice versa. At least three interesting issues fall outside our current focus but can be the subject of future research. First, the line between mitigation and temporary loss reduction mechanisms is not fixed over time and depends on the quality and lead time of hurricane forecasts. If a loss reduction measure requires 4 weeks to implement, a sufficiently reliable forecast must be available a month ahead of time if this action is to be taken in advance of an approaching storm. Without such a forecast, this action falls within the category of mitigation. But if forecasts became available on a monthly or even a seasonal time scale or longer (e.g., Gray, Klotzbach, and Thorson 2004) , the measure could be taken prior to a forecasted hurricane. The optimal forecast response strategy in those situations will likely be some mix of evacuation and mitigation.
Second, improved forecasts could weaken the incentives for mitigation or produce a behavioral response that offsets the value of mitigation. If reliable forecasts allow for evacuation of the coast before a hurricane, the value of strengthened construction, for example, is reduced because residents and some of their most valued possessions will be out of harm's way. Also, improved forecasts lower the full cost of living along a vulnerable coast and result in more property at risk and higher damages (Sadowski and Sutter, in press ). Because private citizens have the right to evacuate on their own accord, policy officials should consider evacuation responses when making mitigation policy. Otherwise, implementation of mitigation policy will be more costly than necessary, with no attendant reduction in risk.
Third, widespread mitigation can reduce the value of a hurricane forecast. If land use planning succeeded in preventing building in areas subject to storm surge, fewer residents would need to evacuate, yet evacuation decisions are what provide value for the forecast. Although an endogenous risk avoidance framework (e.g., Kane and Shogren 2000) would capture some important interactions between mitigation and evacuation, it is beyond our scope here.
3 Of course, focusing on parts and assuming separability has its price-artificial separation of mitigation and evacuation carries over to the research agenda, and the research investment into the behavioral component of hurricane risk reduction has historically been small.
Forecasts as Public Goods
Whether meteorological services like hurricane forecasts should be provided by the public or private sector has been the topic of a long-standing and contentious debate (NRC 2003) . Many social science research to ensure that such long-term controls are consistent with and optimal for the design and implementation of the hurricane forecast and warning system of the future.
3 By endogenous risk we mean that society can select its level of risk avoidance through a mix of mitigation and evacuation. The model would consider the joint selection of risk reduction strategies-evacuation and mitigation-and examine how their interplay affects the level of risk and the costs of risk reduction. Such a model of risk avoidance could examine how small changes in mitigation would affect the marginal productivity of evacuation and vice versa. authors discuss weather forecasts as public goods (e.g., Anaman and Lellyett 1996; Johnson and Holt 1997; Freebairn and Zillman 2002) . Public goods are goods or services that are non-rival and non-excludable. Non-rival means that one person's consumption of the good does not diminish another's ability to consume the good (e.g., one person knowing the hurricane forecast does not diminish anyone else's ability to derive a benefit from the knowledge). 4 Another way to define non-rivalry is that the additional cost of supplying the good to one more user is zero. Nonexcludable means that once the good is provided no one can be excluded from using it. Hurricane forecasts are potentially excludable because the forecast or warning could be sent only to the subscribers of a service, and it is this characteristic on which private weather forecasting services are based.
5 But forecasts are clearly non-rival with a zero marginal cost of sharing a hurricane warning with one more person. Charging for hurricane forecasts, then, would exclude some people from receiving the warning, which does not maximize the benefit of the forecast to society. The non-rivalry of forecasts, particularly for forecasts of severe weather that threatens lives and property, offers the justification for the government to deliver hurricane forecasts to society. Because the National Oceanic and Atmospheric Administration (NOAA) has not excluded the public from the services it provides, most weather forecast products have been provided as a free good. 
Valuation Approaches

Prescriptive and Descriptive Models
Two complementary approaches exist for quantifying the benefits of weather forecasts. Murphy (1994) distinguishes between (1) prescriptive approaches, which focus on behavior in accordance with normative principles such as utility maximization or loss minimization; and (2) descriptive studies, which focus on actual behavior as in decision making or information processing.
Prescriptive studies generally posit a loss function or its inverse, a payoff function (e.g., Davis and Nnaji 1982; Ehrendorfer and Murphy 1992) . Because these loss functions are generally a statement of how households should value weather information, they are not generally useful in eliciting or understanding how households actually do value weather information. Furthermore, in positing a loss function, prescriptive approaches do not usually incorporate any manner of risk aversion on behalf of the decision maker. Anderson and Burnham (1973) use a static cost/loss (C/L) ratio model to estimate the economic value of improved hurricane forecasts to the residential and small retail business sectors in three U.S. states that border the Gulf of Mexico. Insurance claim data were coupled with about 30 interviews to estimate the various parameters of the C/L model. The study emphasized that better forecasting would result in gains in two areas: reduced damage and cost avoidance. These 4 "Non-rivalry also often characterizes the benefits from weather monitoring stations." (Cornes and Sandler 1996, p. 8) 5 Exclusion is not fully effective because once a subscriber to a private sector forecasting service receives the forecast, they can relay the information to nonsubscribers. Thus private sector forecasters tend to supply timesensitive forecasts that would need to be quickly relayed to nonsubscribers and tend to furnish specialized forecasts to businesses where the other potential users of the forecast are rivals. 6 The potential for gain from exclusion has been the focus of the contention by some private weather service providers that the NWS should be privatized (Smith 1995; Rosenfeld 2000; NRC 2003). researchers estimated that perfect hurricane forecasts could reduce damages up to 15% ($10.8 million of 1971 US$). Furthermore, savings of as much as $2 million per hurricane warning per sector are possible. Stewart (1997, p. 155) notes that although "in principle, a descriptive model could be used to estimate the monetary value of forecasts, this process has rarely been completed." Ideally, researchers would integrate the descriptive and prescriptive approaches, allowing local knowledge and scientific expertise to inform one another, and at least two studies have tried to do so. Sonka, Changnon, and Hofing (1988) used a gaming approach to elicit information about forecast value, deriving actual decisions albeit in a hypothetical setting. Jochec et al. (2001) combine decision rules derived from focus groups with ecological and economic models to simulate forecast value.
Stated Preference and Revealed Preference Methods
Another dichotomy in economic valuation is between stated preferences (SP) or revealed preferences (RP) as indicators of economic value. RP generally means observations of actual behavior either directly in markets (e.g., buying a hamburger) or indirectly in decisions that reveal preferences (e.g., paying more for a house with a great view than for an identical house without the view implies the revealed value of the scenic view). SP methods are generally survey-based approaches that ask individuals to make choices in hypothetical situations that either directly or indirectly indicate the individual's values for a commodity or commodity characteristic (where commodities is broadly defined to include everything from "normal" market goods such as cars and coffee cups, to environmental commodities such as endangered species, to preferences in terms of health outcomes).
SP valuation is necessary (as opposed to RP valuation) when there are no observable market values for a commodity or no behavioral trails that permit RP approaches to be used. SP methods can also be used for valuing hypothetical commodities such as improved hurricane forecasts (commodities for which there will be no market or RP data).
The reliability and validity of SP methods like contingent valuation (CV) depend on the extent to which they measure true values. In particular, critics have suggested that SP value estimates will not be comparable to RP value estimates that rely on information from observed market exchanges. In response to this critique, Carson et al. (1996) reviewed comparisons between SP and RP value results (primarily travel cost and hedonic prices) for valuation of comparable quasi-public goods. The authors conclude that, on average, the SP results are comparable to or slightly lower than the RP results for similar amenities. A number of books have also reviewed issues in the implementation of SP studies as progress has been made in developing SP value methods (see Cummings, Brookshire, and Schulze 1986; Mitchell and Carson 1989; Bjornstad and Kahn 1996; and Kopp, Pommerehne, and Schwarz 1997) . Whitehead (2003) uses RP and SP data methods to evaluate the hurricane evacuation decisions of households in North Carolina in response to the Hurricane Bonnie warnings in 1998. The data were collected by surveying residents in eight North Carolina counties 4 months after the hurricane made landfall. A random effects probit model was used to estimate the predicted probabilities of evacuation by households conditional on intensity scale of the hurricane, travel cost, time cost, voluntary or mandatory evacuation orders, mobile homes, wind risk, flood risk, and other demographic parameters. The study confirms the hypothesis that as the hurricane intensity increases from Category 1 to Category 5, the probability of evacuation also increases.
In addition, the study finds that in general, the stated hurricane evacuation cost of $1 million per mile of evacuated coastline is an overstatement. The cost of the evacuation increases with increasing severity of the hurricane, ranging from $5.7 million for a Category 3 storm to $27.2 million for a Category 5 storm under voluntary evacuation orders.
Whitehead (in press) attempts to evaluate SP validity in the context of hurricane forecast use, specifically for evacuation behavior. In this paper, Whitehead conducts predictive validity tests using revealed and stated behavior data from a panel survey of North Carolina coastal households. Predictive validity is the extent to which a stated response predicts subsequent behavior. In two of three nonparametric tests of stated and actual behavior, he finds evidence of predictive validity. Using predictions from random effects probit models, he finds evidence that out-of-sample forecasts from combined revealed and stated behavior models predict actual evacuation behavior with small forecast error. The percentage of correct predictions is greater than 70 for each comparison of stated and actual behavior.
Additional Literature on the Economics of Hurricanes
Although no economic studies to date have attempted to systematically estimate the full value of hurricane forecasts, a number of studies have estimated determinants of damages, loss of life, the cost of evacuation, or the value of forecast for selected users. These provide a starting point for assessing value. Some studies of relevance include: Sugg (1967) assessed a mean trend of hurricane damages and projected damages over the period from 1965 to 1975. This study estimates that hurricanes were causing an annualized average damage of $309.55 million in 1965 US$. Jamieson and Drury (1997) use property loss and loss-of-life data between 1900 and 1990 to show that the property loss resulting from hurricanes exponentially increased and the loss of life exponentially decreased during that period. The reduction in the loss of life is attributed to better forecast and evacuation plans. Most importantly, the paper outlines a risk assessment tool, called HAZUS, that was being developed at FEMA to assess and manage the loss of property resulting from hurricanes in the United States. Pielke (1997) argues that the conventional framing of the hurricane problem to the minimization of loss of life and property should be replaced with an alternative problem definition such as reduction of the societal vulnerability to the incidence and exposure of hurricanes. The vulnerability of the U.S. East and Gulf coasts to hurricane incidence and exposure is presented at the coastal county level for the period from 1900 to 1995. Hurricane incidence is modeled as a function of hurricane intensity, occurrence, and landfall frequency. Furthermore, hurricane exposure is modeled as a function of human population at risk, property at risk, and emergency preparedness. Pielke concludes that the reframing of the U.S. hurricane problem in terms of societal vulnerability leads to several insights, including the fact that few systematic data are available to measure vulnerability to hurricanes in the United States.
Pielke and Landsea (1998) calculate U.S. hurricane damages using a normalization of the damages and taking inflation and changes in coastal population and wealth into account. They find that in recent decades, the trend of increasing damage amounts has disappeared. Instead, substantial multidecadal variations in normalized damages are observed, with the 1970s and 1980s incurring less damage than was seen in the preceding few decades, and the early 1990s approaching the high level of impact seen from the 1940s through the 1960s. The average annual impact of damages in the continental United States is about $4.8 billion (1995 US$)-substantially more than previous estimates-with more than 83% accounted for by the intense hurricanes (Saffir-Simpson categories 3, 4, and 5). Hurricanes of these categories make up only 21% of the tropical cyclones that make landfall in the United States.
O'Hare (2001) uses both historical cyclone/hurricane incidence data and qualitative interviews and newspaper reports to assess the damage wreaked by Hurricane 07B along India's eastern Bay of Bengal Coast. This paper finds that the hurricane damage is more intense along its path. The casualty rate from hurricanes is extremely high in developing countries compared to developed countries because of pervasive poverty and missing infrastructure. In addition, hurricane forecasts are not heeded by the vulnerable populations, either because they are not communicated in time or because there are too many false warnings. Katz (2002) proposes using a stochastic Poisson distribution model both to estimate the probability of hurricane occurrence and to specify the damage associated with the hurricane landfalls. Katz uses an inflation-, wealth-and population-normalized hurricane damage data set that covers the period from 1925 to 1995 (the same data set used by Pielke and Landsea [1998] ), to test the proposed Poisson distribution model. The extensions of the model, such as the effect of El Niño and El Niña events on hurricane damages, are also discussed in the Katz paper. Considine et al. (2004) estimate the value of both existing and more-accurate hurricane forecast information to crude oil and natural gas producers in the Gulf of Mexico. More-accurate hurricane forecasts would result in fewer false alarms, preventing unnecessary evacuations and disruptions in production. A probabilistic cost/loss model is used to estimate the incremental value of hurricane forecast information for oil and gas leases over the past 2 decades. Estimates indicate that the value of existing 48-hour hurricane forecast information to oil and gas producers averaged roughly $8 million per year during the 1990s, which substantially exceeds the operating budget of the National Hurricane Center. From an industry perspective, however, these values are a small fraction of drilling and production costs. Moreover, although recent hurricane forecast accuracy is improving, it has not been sufficient to create significant value to this industry. On the other hand, forecast value dramatically increases with improvements in accuracy, rising by more than $15 million per year with a simulated 50% improvement in 48-hour forecast accuracy.
As these studies show, hurricanes have significant economic and societal impacts. These damages have changed over time and are related to changes in hurricane forecasting and mitigation. Our review also suggests that there is very little, if any, literature on the value of current or improved hurricane forecasts that would be useful for policy making.
COMPARING COST OF EVACUATION AND WILLINGNESS TO PAY AS MEASURES OF FORECAST VALUE
Although there are few reliable studies of the value of current and potentially improved hurricane forecasts, economists have several different methods for measuring the value of these forecasts to society. 7 One measure that is often mentioned is the expense of evacuations associated with 7 In addition to the WTP model developed in this section, Appendix A contains "A Prescriptive Model of the Social Value of Hurricane Forecasts" and Appendix B presents "A Bayesian View of Hurricane Warnings." hurricane warnings. Tropical cyclone warnings are very expensive, regardless of whether the hurricane actually hits the forecasted area. Depending on development in the area, the "cost-ofevacuation" approach estimates that tropical cyclone warnings can cost from $0.5 million to $1 million per mile of shoreline for lost productivity, safeguarding of homes and businesses, evacuation of aircraft and vessels, and cancelled vacations. Whitehead (2003) argues, however, that $1 million per mile evacuation cost is a gross overestimate. The costs associated with warnings alone, which extend 300-400 miles and are issued an average of three times per hurricane season, total $787.5 million per year (HRD 2001).
Estimates of reduced evacuation costs from improved hurricane forecasts are one element of the total value of forecast improvements. The cost-of-evacuation measures capture only some of the marginal market costs (out-of-pocket) of the resources used and productivity lost in evacuations.
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Reducing these costs is a benefit to society. These saved costs, though, do not represent the total value of improved hurricane forecasts. The total value to society could be considerably more than just the market costs of reducing unwarranted evacuations.
Another economic measure of forecast value is individuals' willingness to pay (WTP) for improved hurricane forecasts. A formal statement of this approach offers a structure for our research recommendations that follow. Economists assume that an individual's utility is a function of commodities that the individual consumes. The individual is assumed to be "rational" and is assumed to be a utility maximizer. The utility function allows for any type of preferences. For purposes of this description, utility is a function of consumption of two commodities, X 1 and X 2 . The level of utility is also dependent on the quality of hurricane forecast information that the individual uses to make decisions, FQ.
( )
The individual has a certain income, Y; faces a vector of commodity prices for X 1 and X 2 , P ; and has a given level of forecast quality, FQ 1 . The person will choose the level of X 1 and X 2 that maximizes utility. The optimal level of utility that the individual can achieve given these constraints, U*, can thus be written as a function of the income, prices, and forecast quality:
The term V is used for this function to indicate that utility is now measured as a function of income, prices, and forecast quality using what economists call an indirect utility function, rather than a direct utility function, U, which is a function of the consumption of commodities X 1 and X 2 .
Given the option between different levels of forecast quality, FQ 1 and FQ 2 , where we assume FQ 2 to be a higher quality forecast, we can define WTP as the maximum amount an individual is willing to pay to ensure that a welfare-increasing activity takes place, or the maximum the person is willing to pay to prevent a welfare-decreasing activity from being implemented:
In other words, it is the amount of money that can be taken away from income, Y, given the exogenous prices, P , while keeping the individual at the same level of utility, U*, that he had before forecast quality was improved from FQ 1 to FQ 2 . With more detail we could write out how an individual is assumed to make decisions when facing uncertainty-either with an expected utility model or a Bayesian model. In either case, however, the basic WTP concept is the same.
SP methods attempt to directly measure individuals' WTP for a commodity (such as improved hurricane forecasting) without necessarily having to rely on a complete model of the individuals' utility function. SP approaches can also allow the individual to state his benefits from the change without the researcher limiting these benefits by preconceived constraints on the individual values. The WTP approach thus attempts to capture all of the values for all potential impacts on the individual. Table 1 shows a possible (partial) taxonomy of the benefits of improved hurricane forecasts. Improved hurricane forecasts allow people to make preparations to reduce or prevent physical damage from hurricanes on three different levels: individual, business, and societal (discussed in the sections that follow). The two right-hand columns indicate which of these benefits may be captured by the cost of evacuation and the WTP valuation approaches. 
Individuals
Individuals are affected by hurricanes in various ways, and only some of these are related to evacuation decisions. Cost-of-evacuation measurements will most likely capture only the out-ofpocket expenses that individuals pay when they actually evacuate. More comprehensive cost-ofevacuation approaches (such as those using value of a statistical life [VSL] estimates) could include values for reduced mortality risks. Morbidity impacts, though, are less often measured and thus are more likely to be missing from cost-of-evacuation benefit estimates.
Because they elicit values directly from individuals, WTP methods are more likely to capture the whole range of potential benefits to the individual from improved hurricane forecasts. WTP measures can capture all economic surplus associated with the household benefit from improved forecasts. This benefit can include market values-including some of those suggested by the cost-of-evacuation approach-as well as nonmarket values that individuals place on improved hurricane forecasts. The WTP measures will also capture values that arise from individuals' risk aversion or from their perceived risks (as opposed to "true" objective risks). Furthermore, the household WTP approach will capture individuals' implicit values for changes in potential risks to life and limb (e.g., mortality and morbidity) associated with changes in the quality of hurricane forecasts. All of these represent economically valid benefits from improved hurricane forecasts that have not been measured previously.
Businesses
Benefits to businesses are more directly measurable using market valuation methods and are likely to be captured by the cost-of-evacuation approach (and in cost-loss models or decision models as discussed in more detail in the appendices). In essence, these benefits are not just direct impacts on businesses but are incurred by the business (e.g., market) sector. One potential benefit of improved hurricane forecasts-most likely not captured by the cost-of-evacuation approach-is reductions in the costs of insurance payments as a result of actions taken to avoid or minimize hurricane impacts. Although individuals are certainly affected by property damage, insurance and re-insurance companies often pay such costs. The insurance payments themselves are simply transfer payments (captured as monetized damages using the cost-of-evacuation approach), and the expenses associated with making the payments is not measured as part of the cost of evacuation.
Society
When more sophisticated approaches are undertaken, costs paid by society as a whole may be captured by the cost-of-evacuation measure. Societal benefits are largely those that may result from avoided damage to public sector assets (e.g., roads) and reduced public expenditures on unnecessary evacuations. Societal costs may also include instances where individuals or businesses shift costs to society (e.g., under some conditions of publicly funded emergency assistance or public health costs).
Societal impacts may also be captured in part by the WTP measure, depending on how individuals perceive their responsibility for funding societal activities. Individuals who see societal expenditures as ultimately coming from their own tax dollars may indicate a WTP to reduce these societal expenditures. The WTP approach may capture the values that some individuals may place on improved hurricane forecasts because of an altruistic concern for the welfare of others and the benefits that improved hurricane forecasts bring to other people or communities. 
POTENTIAL CONTRIBUTIONS AND CONSIDERATIONS
How might hurricane warnings and the hurricane forecasting system be made more valuable? Economics can contribute to this important, multidisciplinary discussion, as suggested by the economic literature and modeling approaches we review here. Because resources available for hurricane hazard reduction are limited, the design of a hurricane forecasting system is partly an economic problem. As individuals and citizens, we have difficult choices to make as to how protect ourselves from hurricanes. A systemic economic framework helps organize how we think about an optimal mix of strategies to reduce hurricane vulnerability and how new information about predictive capabilities and risk exposures may affect that mix.
Comparing the different ways of improving hurricane forecasts requires that we consider some of the more subtle aspects of forecast quality only implied in how forecasts are currently issued. The multi-dimensionality of hurricane warnings (e.g., location, intensity, forward speed, storm surge, etc.) suggests that hurricane forecasts might be improved in many ways. So, for example, both additional lead time and a narrower 5-day forecast window would qualify as improvements. Yet one sort of improvement may create greater value than the other, and meteorologists may find one sort of improvement easier to produce. From the point of view of forecast users and providers, tradeoffs likely exist between these dimensions of forecast quality. Evaluating these tradeoffs can yield important information to forecast providers, forecast users and policy officials. The variety of ways that can be used to reduce hurricane risk is one indication of the advantages of a coordinated strategy.
Some tradeoffs are geographic in nature. For example, forecast probabilities, such as those presented in Table A -1, are based on the geographic area included in the forecast and the warning lead time required for loss-reducing action. Refining the geographic areas (a finer partition of the coast) covered by different forecast and evacuation decisions would provide a way to value more precise warnings. So, if all of Florida is covered by one contingency table, the evacuation cost for the whole state will be very large, and a warning must be issued for the entire state. In contrast, with separate forecasts for each coastal county, the evacuation cost for each would be lower, and only those counties in the hurricane's path would need a warning issued.
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The attendant reduction in evacuation cost in this case would yield a means for estimating the value of geographically refined warnings.
Other tradeoffs are temporal. For example, the lead time of the warning is often implicitly set by the amount of time required to take the protective action in question. For evacuation, then, the lead time on the forecast must be sufficient to allow the relevant area to be evacuated. Evacuation times will differ for different coastal areas; in more populated areas the previously described analysis might need a 48-hour instead of a 24-hour lead time. In addition, the characteristics of the population in a given area might affect the time required for an evacuation. An area with a large disabled, non-ambulatory, or elderly population might need extra time for evacuation, requiring that the evacuation forecast be issued earlier. And the amount of time required for protecting property might differ from that for evacuation, potentially leading to using forecasts at different lead times for different actions.
Economics provides a set of tools for evaluating tradeoffs in how we might improve hurricane forecasts. Available economic modeling approaches represent good ways with which to value marginal (i.e., small) improvements in forecast quality, meaning changes in forecast ability for which society would take the same protective actions as we currently do, only more effectively given the better forecast. Improvement in forecasts, however, can create the potential for society to undertake radically different and new loss-reducing actions. If a skilled forecast becomes available with 7 or 14 days of lead time, for example, residents might be able to take completely different actions to reduce hurricane losses. With enough lead time it might be possible to install hurricane shutters on some buildings, or for businesses to back up computer systems or records.
To take an example from another hazard, if tornado warning lead times of 30 minutes or more become common, it might be feasible to consider evacuating people from the tornado's path instead of merely taking cover. In such cases, a potential response may act as a spur for forecast improvements, and here too economic analysis plays an important role. Another way to approach the question of hurricane forecast value is to ask how hurricane losses could be more effectively reduced and then determine the forecast that would be necessary to implement this loss-reducing action. An important component of the economic analysis should be to engage in such "out-ofthe-box" thinking and to consider new responses that might become feasible with sufficiently improved forecasts. Refining or expanding the range of choice among forecast responses can be an important source of increased forecast value.
A few caveats are in order. First, economists, as do any researchers, have difficulty anticipating all of the changes in behavior that result from the availability of new information. That is, we did not know how bar codes, Post-Its or electricity would change our lives until they were introduced. Similarly, improved hurricane forecasts could change the timing of activities during hurricane season, or the placement of productive capacity for weather sensitive infrastructure. One might imagine, for example, new portable energy collection mechanisms to capture and reuse wind energy. Consequently, economics will never be able to list and value all the benefits of an improved forecast because even residents or businesses may not be able to anticipate all the adjustments they would make with better hurricane forecasts. And the initial adjustments by some parties could lead to second-and third-round adjustments. Forecast improvements may turn out to be more valuable than can be estimated ex ante.
Second, the wide variety of storms and threatened resources will prove challenging to our efforts. The cost of evacuation and the hurricane losses avoided are unlikely to be the same for all parts of a coastline or for all categories of hurricanes. Similarly, the optimal hit and false alarm probabilities will differ, so the same warning approach is unlikely to be optimal for all parts of the U.S. coast or for all categories of hurricanes. Losses avoidable with a forecast will depend on the population in coastal flooding zones. In a particularly low-lying coastal area (e.g., New Orleans), for example, the number of deaths and injuries without evacuation is likely to be particularly high. Avoidable losses will likely be lower with weaker hurricanes, but evacuation costs may be similar for hurricanes of differing categories. A lower false alarm probability, then, should likely be optimal for weaker hurricanes.
Finally, the question of how to make the hurricane forecasting system more valuable depends perhaps most critically on what forecast users actually need. Public policy questions such as this one should reflect an understanding of the public's values. Making better decisions about hurricane hazard reduction is clearly about more than making better forecasts. Although the weather community has developed highly sophisticated methods for evaluating and verifying parts of the forecast process, it has not placed similar attention on evaluating the process as a whole. As a consequence, when the weather community evaluates forecasts, the answers typically do not necessarily address what policy makers (and society more generally) consider to be most important. While unfortunate, such knowledge gaps suggest directions for further research.
BROAD SUGGESTIONS FOR ECONOMIC RESEARCH
First, we suggest developing a comprehensive theoretical understanding of socioeconomic value of hurricane forecasts to diverse stakeholders across all times scales. This improved, basic understanding would involve a more in-depth discussion of the value of information as well as a broader knowledge of actual (or created) distinctions between adaptation, mitigation, and response to hurricane risks. For example, a rigorous theoretical model of the cost of evacuation (backed up by state-of-the-art empirical studies) would offer guidance on the ongoing use of this model as the primary metric of the value of hurricane forecasts.
In addition, we see a significant need for reliable and detailed studies of the value of hurricane forecasts to help inform policy makers, and to make available quantitative economic information in support of current forecast programs and ongoing forecast improvement research. This knowledge gap suggests that a diversity of economic valuation studies is needed to encompass: Different methods (e.g., state and revealed preference, Bayesian decision models, cost-loss models, cost minimization studies) Different spatial scales (e.g., city to national studies) Different temporal scales (e.g., hourly-to-decadal decision modeling) A range of stakeholders (e.g., general public, aviation, tourism, emergency managers, oil and gas industry).
APPENDIX A: A PRESCRIPTIVE MODEL OF THE SOCIAL VALUE OF HURRICANE FORECASTS
We now detail a prescriptive model that could be applied to calculate the expected value of a hurricane forecast. The prescriptive model helps illustrate both the research required to estimate the expected value of hurricane forecasts and considerations for further examination. The expected utility model is prescriptive in that it describes how individuals or policy makers should act if they wish to maximize expected utility or value. The model may or may not accurately describe how individuals actually make decisions based on a hurricane forecast. 11 The framework can be applied either to an individual or to society as a whole. At the individual level, the payoffs would be framed in terms of expected utilities and would take into account the potential for injury if a hurricane occurs without evacuation as well as the cost of evacuation. At the societal level the framework could be used to estimate the value to society of a hurricane forecast or an improvement in forecast quality.
A 2 × 2 contingency table can be used to illustrate the value of a hurricane forecast (Mylne 2002; Keith 2003; Brooks 2004) . The contingencies refer to the forecast as well as to the actual occurrence of the event. For simplicity the forecast and event are assumed to be binary variables; the forecast would be whether the hurricane will make landfall on a specific portion of the coast or not and the event is whether the hurricane strikes the coast. This model of forecast value can conceptually be extended to consider more than two outcomes, perhaps hurricanes of different intensities as measured on the Saffir-Simpson scale, or even a continuous variable. Table A -1 takes the portion of the coast that the hurricane is being forecast to hit as given. If a hurricane makes landfall outside the warning area, separate realizations of the contingency table apply to each portion of the coast, with a false alarm for the coast the hurricane was forecast to hit and an unwarned event on the second portion of coast.
The losses avoided with evacuation are deaths and injuries among the at-risk population, plus the cost of rescuing residents who do not evacuate but face flood waters. This requires analysis of hurricane deaths and injuries. Just how and where are people dying in hurricanes, and what is the probability of death or injury for those who do not evacuate?
A portion of this effort will involve developing a more detailed model of forecasts and responses than the simple 2 × 2 contingency table given in Table A-1. If we wish to expand the model to include the rating of the hurricane on the Saffir-Simpson scale, the number of payoffs that would need to be included increases. We would need to consider, for example, the appropriate evacuation for a Category 1 hurricane versus that for a Category 3 hurricane and the number of deaths and injuries that could be avoided with evacuations in each case. The model can be made almost infinitely complicated, perhaps by including rainfall estimates, the diameter of the maximum wind field, and the speed of the storm, in addition to its Saffir-Simpson rating. A portion of the research effort on the economic value of forecasts will involve developing an appropriate model that balances the complexity and data requirements against insights into societal value.
This table allows specification of the forecast quality, which depends on two components. The first is the probability that the hurricane hits the coast conditional on a forecast that it will hit the coast. Let this probability be 1-f, where f is the probability of a false alarm forecast error. Following the notation used by Keith (2003) , let the probability of a hit be h. The other component of forecast quality is a mistaken forecast that the hurricane will not strike this coast, or the probability that the hurricane hits the coast conditional on a forecast to miss the coast. Let the probability of this miss error be m. In terms of the economics of information, the forecast error probabilities f and m represent the "noise" in the imperfect signal provided by the hurricane forecast (Laffont 1989) . The probabilities can be depicted on the contingency table as shown in Table A -2. A better forecast will involve smaller probabilities of error, with a perfect forecast having no noise or errors, f = m = 0. The value of the hurricane forecast depends on the action(s) that can be taken based on the forecast, and how these actions reduce hurricane losses. Thus the value of the forecast does not depend only on the skill of the forecaster. Indeed, a perfect forecast may have no value if nothing can be done to reduce losses when the forecast is issued. The value of the forecast depends on the amount by which losses can be reduced by actions(s) taken after the forecast has been issued. A weather event might be very costly, but forecasts of the event may not be similarly valuable if nothing can be done to reduce losses.
In a hurricane the main loss-reducing actions are evacuations from the coast and boarding up and securing property. We use the term evacuation here as shorthand for all these actions taken on issuance of a forecast for landfall, but the larger research effort should encompass actions to reduce both casualties and property damage. We first consider a resident's decision to evacuate once a hurricane warning has been issued (a forecast that the hurricane is to strike this portion of the coast). For a forecast to have positive value, a minimum condition is that residents must want to evacuate if a hurricane warning is issued for their location and not evacuate if the forecast is to miss their location. 12 A forecast must be sufficiently reliable so that residents will evacuate if a hurricane warning is issued, or the expected loss avoided by evacuating must exceed the cost of evacuation. The expected loss avoided is the probability that the hurricane will hit given that the forecast is for landfall, 1 -f, multiplied by the loss the resident avoids by being out of the hurricane's path. This avoided loss is the probability of being injured or killed in the hurricane's path multiplied by the utility value the resident places on being injured or killed. An expected utility maximizing resident will evacuate if
In making this calculation we must assume that residents can place a utility value on the prospect of being injured or killed, which they can then compare to dollar amounts such as evacuation costs. Although people commonly talk as if life were infinitely precious, we do in fact make risky decisions that involve at least a small probability of injury or death every day. In deciding not to fasten a seat belt or to speed or to cross a busy street outside the corner crosswalk, we trade off some of our time against a risk of injury. In purchasing a smoke detector or antilock brakes or side-impact air bags, we trade off money and risks. Economists refer to the values placed on the prospect of death and injury as the value of a statistical life (VSL) and the value of a statistical injury, respectively, and have conducted many studies to try to estimate these values. The values of statistical lives and injuries provide the means to quantify the safety benefits of hurricane forecasts (Lanoie, Pedro, and Latour 1995; Viscusi and Aldy 2003; Alberini et al. 2004; Blomquist 2004) To calculate the value of the forecast to society, we would need to sum all the benefits in terms of lives saved, injuries avoided, and property damages reduced based on the evacuation and boarding-up decisions of all residents as well as the total evacuation and boarding-up costs. To the extent that this information is or is not available, research is needed to quantify these aspects of hurricane decision making.
The forecast value can be expressed in terms of the probabilities f and m given previously, but are more often expressed in terms of the hit probability and the false alarm ratio. Let hit be the hit probability and far be the false alarm ratio. In terms of probabilities f and m, hit = (1 -f)/(1 -f + m) while far = f/(1 -m + f). Keith (2003) provides formulas for the value of a forecast using hit and far, which further require notation to represent the payoffs if a hurricane strikes or does not strike, and whether the event was warned or unwarned. The value of the forecast can be 12 At this point we do not explicitly model the effects of the benefits of the process by which the forecaster communicates the hurricane information to the user. calculated on expected utility terms by specifying payoffs for each of the possible outcomes in the 2 × 2 table (Table A-1) . The payoffs depend on the action taken by the at-risk population in the event of a hurricane forecast. If the same action is taken regardless of whether hurricane landfall is forecast, the value of the forecast will be zero. This discussion assumes that evacuation is the main action taken if a hurricane is forecast for this portion of the coast, although other actions such as the boarding up of buildings can be taken on short notice. Using the notation for the payoffs from Keith (2003) , we arrive at Table A-3, which assumes that the at-risk population evacuates or boards up property when a hurricane is forecast and does not when a hurricane is not forecast.
V TP is the payoff with a true positive forecast, the value if a hurricane is forecast and people evacuate; V FP is the value of a false positive forecast, or the value if people evacuate and no hurricane occurs; V FN is the payoff with a false negative forecast, which includes the cost of an unwarned hurricane event; and V TN is the payoff with a true negative forecast, or no evacuation and no hurricane. In addition, let the climatological probability of a hurricane be p c . The value of a forecast can be calculated either as an increase in expected payoff relative to climatology (knowing only that a hurricane occurs with probability p c ), or as a cost relative to a perfect forecast. The value as an expected cost relative to a perfect forecast is
The value of the forecast depends on both the quality of the forecast and the cost of incorrect forecasts. V TN -V FP is the reduction in society's well-being from a false alarm, which, because a hurricane does not strike, is the cost of evacuation. V TP -V FN is the reduction in payoff from a missed forecast, or the value of hurricane losses that could be avoided with evacuation and other protective action. This would be the value of the lives saved and injuries avoided with evacuation plus the value of avoided the property damage.
The value of two different forecasts (e.g., current versus some proposed improvement) can be compared using the expected cost of each, relative to a perfect forecast. The forecast with the lower expected cost is the economically more valuable forecast. Note that economic value and hurricane forecast skill are not the same metric, and a more skillful forecast is not necessarily more valuable.
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An interesting complication arises in using this predictive framework to calculate value to society if individuals fail to evacuate when a hurricane warning is issued. Individuals may fail to evacuate because they misperceive the quality of the forecast, or because they do not make decisions according to the expected utility model, or because they place a particularly low value on safety or high cost on evacuation. Suppose an improved forecast could save 50 lives if the entire vulnerable population heeded the warning, but only 80% of the at-risk population evacuates. Should the value to society of the forecast be based on the 50 lives that could potentially be saved or only on the 40 that, on average, will be saved as a result of actual behavior?
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The specific hit and false alarm probabilities can be affected by the warning decision process followed by forecasters. Forecasters can increase the probability of detection or hit by issuing warnings more aggressively on tropical storms that might conceivably strengthen to hurricane status and for all coastal areas potentially threatened by a storm. But this approach will increase the false alarm probability, far. Thus, given the current state of forecasting ability, there is a tradeoff between hit and far. In economic terminology, this tradeoff can be thought of as a "forecast possibilities frontier" that depicts different feasible forecast choices. As Keith (2003) emphasizes, forecasts can be optimized to choose the hit and far combination to generate the highest value forecast. The value to society of hurricane forecasts can thus be increased in two ways: by optimizing the forecast given the current state of forecast technology, and by improving forecast technology (a shifting of the forecast possibilities frontier).
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13 The close association between forecast skill and value has led to some confusion, as noted by Murphy (1993) . Decision makers may elect not to use forecasts for many reasons. One concern may be forecast quality, or the degree to which the forecast corresponds to subsequent observations. To be useful, a forecast must offer higher skill or higher quality than that of a naïve forecasting system, such as the average conditions over many years for that location and time of year (i.e., climatology). Although forecast value depends partly on skill, the two concepts differ in important ways, as Hartmann et al. (2002) and Meinke and Stone (in press ) clarify: a highly skillful forecast could have no value, and one of modest skill could have value if applied well under the right circumstances. As Sarewitz, Pielke, and Byerly (2000, p. 366) note, "comparing a prediction with actual events does not provide sufficient information to evaluate its performance." Other influences on forecast value warrant attention, especially those that are random and region-or application-specific (Wilks 1997; Hartmann et al. 2002) .
14 Prescriptions, like free advice, may not always seem relevant from the perspective of forecast users. One drawback to prescriptive models is that their idealized decision makers may not closely resemble actual decision makers (e.g., Duval Street revelers in Key West). The potential to save 50 lives is certainly encouraging, but only the actual lives saved (40) count. If more effort is spent on education and communication to inform the other 10 people, the value of this education and communication may be the other 10 lives, and the value of the forecast improvement is the original 40 lives saved. 15 Formally the problem would be to choose the combination of forecast values hit and far that would minimize the expected cost of the forecast (relative to a perfect forecast) subject to the feasibility constraint. The feasibility constraint is the relative operating curve of signal detection theory in meteorological applications. Such constrained optimization problems are often analyzed in economics. The level curves of the expected cost of a forecast will be linear with a slope of (1 - Application of this framework to value hurricane forecasts or improvements in forecasts would require quantification of the payoffs V TN , V FP , V TP , and V FN . In addition, information is needed from verification studies and climatological data on f, m, and p c . Essentially, we would need to improve estimates of the costs of evacuation and other measures that might be implemented after a warning to reduce hurricane losses. We would also need estimates of the losses that could be avoided with these actions. Once this is accomplished, we can investigate the optimization of forecasts given current forecast ability and the value to society of improvements in forecast ability.
APPENDIX B: A BAYESIAN VIEW OF HURRICANE WARNINGS B.1 Time Does Matter
In using the abstract language of probability to describe hurricane risk, we raise two basic questions:
(1) what probabilities "mean" in the real world; and (2) how we should assign quantitative values to actual hurricane events? A critical characteristic of hurricane forecasts not captured by the Mylne/Keith/Brooks problem statement presented in Appendix A is that forecasts and forecast use are time dependent. By viewing periodic forecast updates, four times daily, forecast users accumulate an awareness of their exposure to hurricane risk. This awareness includes appreciation of the forecast's skill and an expectation that further, better forecast information will be forthcoming. Viewing the hurricane warning problem in this way allows us to better see its essential temporal dimension and the variety of ways in which warnings might be improved.
B.2 A Bayesian Approach
The prevalent (among physical scientists) frequentist interpretation of probability as frequency is problematic for characterizing hurricane risk and vulnerability. The climatological frequency with which a hurricane may strike a given location in a given year, p c , can be calculated by counting hurricane strikes over the historical record and calculating the strikes-to-years ratio. The problem with this approach is that each year is different in many ways: ENSO phase, position of the Bermuda High, Pacific Decadal Oscillation phase, North Atlantic Oscillation phase, and shear from frontal systems, among others. Consequently, hurricane seasons and events are not the repeatable trials required by frequentists. Alternately, a Bayesian approach, as a thought experiment, would conceive of an ensemble of possible hurricane events, as we describe here.
To capture the temporal dimension of hurricane warnings, we can use a Bayesian framework, in which forecast information becomes available only gradually. In this approach, adapted from Kite-Powell and Solow (1994) , the users' previous expectations of hurricane strike probabilities (i.e., their "priors') are updated after additional forecasts are released.
and far that minimize the expected cost will thus depend on the false alarm (evacuation) cost, the amount by which evacuation reduces hurricane losses, and the climatological probability of a hurricane.
quality. Evaluating these tradeoffs can yield important information to forecast providers, forecast users, and policy officials.
• Refining or expanding the range of choice among forecast responses can also increase forecast value. In the model notation, both mitigation and evacuation responses are represented by the response variable, a. Policy officials may wish to compare whether investments in forecast improvement, mitigation innovations, land use restrictions, or forecast communication would be most effective at the margin in reducing property loss and mortality. The variety of ways to reduce hurricane risk is one indication of the advantages of a coordinated strategy. In summary, compared to the prescriptive model presented in Appendix A, this Bayesian problem statement has more notation than the Mylne/Keith/Brooks hit-or-miss tables but retains the idea that the forecast itself, the potential responses, and forecast skill are of central interest. The emphasis in the Bayesian statement is on the temporal dimension of hurricane forecasting, and also on how information about and perceptions of hurricane risk evolve over time.
